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ABSTRACT 
Fushi tarazu (FTZ) is a pair-rule protein important for the development of the 
anterior-posterior axis during embryogenesis. Low level ectopic expression of 
FTZ148-206 from a Tubulin 1 promoter, but not FTZ1-410 (full length FTZ), results in 
the anti-ftz phenotype in developing Drosophila melanogaster larvae, indicating that 
FTZ148-206 is a hyperactive FTZ protein. Through deletion analysis, using a high level 
ectopic expression system and assaying survivorship, I narrowed the location of the 
negative regulatory domain (NRD) to the 178-206 amino acid region of FTZ. 
Mutations that mimic both constitutive phosphorylation and dephosphorylation in 
the NRD revealed that phosphorylation does not control the activity of the NRD. 
When the NRD was deleted along with three important functional domains, the 
homeodomain, terminal tyrosines and the FTZ-F1 binding site, I found that both the 
FTZ-F1 binding site and terminal tyrosines were required for hyperactive activity 
and that the NRD may regulate homeodomain activity.  
 
 
 
 
Keywords 
fushi tarazu, ectopic expression, negative regulatory domain, segmentation, 
phosphorylation, deletion analysis  
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CHAPTER 1: INTRODUCTION 
1.1 Developmental Biology  
The development of a complex animal involves a number of critical events 
including the patterning of the primary body axes, organogenesis and cellular 
differentiation. One of the most striking observations is the high level of 
evolutionary conservation of the genetic mechanisms controlling development, 
following the evolutionary divergence of protostomes and dueterostomes (Holland 
2000; Nederbragt et al., 2002; Lichtneckert and Reichert, 2005). When the activities 
of conserved developmental pathways are disrupted in either protostomes or 
deuterostomes, similar phenotypic defects are often observed (Lutz et al., 1996; 
Muller et al., 1996).  In my project I am examining the process of segmentation of an 
animal. The generation of a specific number of repetitive metameric units or 
segments is one of the fundamental mechanisms underlying animal development; 
the exoskeleton of invertebrates as well as the nervous system and spinal column of 
vertebrates are clearly segmented (Hartenstein and Tautz, 2004; Tautz, 2004). In 
the model organism Drosophila melanogaster, the genetic pathway controlling 
segmentation has been well characterized (St. Johnston and Nüsslein-Volhard, 1992; 
Nüsslein-Volhard et al., 1987). The availability of molecular tools for the analysis of 
Drosophila allow for a detailed analysis of the process of animal segmentation 
(Venken and Bellen, 2005).    
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1.2 Life cycle of Drosophila melanogaster  
The Drosophila life cycle is well characterized; fertilization of an egg to 
eclosion of the adult fly takes approximately 10 to 12 days at room temperature.  
The average female fly is able to lay 700 to 1000 eggs in her lifetime (Ashburner, 
1989). After fertilization and the establishment of the zygotic syncytial blastoderm, 
the somatic nuclei divide synchronously thirteen times before cellularization. 
Following the thirteenth division, and when there are approximately 5000 somatic 
nuclei formed, the plasma membrane folds inward between each of the somatic 
nuclei, forming somatic cells and the cellular blastoderm embryo. The cellular 
blastoderm stage lasts from 2:10 to 2:50 hours after egg laying (AEL). At 2:50 hours 
AEL, the cellular blastoderm undergoes gastrulation. During gastrulation the three 
germ layers form: mesoderm, endoderm and ectoderm.  Also during gastrulation 
germ band extension is initiated where the posterior portion of the embryo is folded 
dorsally over the embryo creating a U-shaped anterior-posterior axis. Germ band 
extension lasts from 3:10 to 7:20 hours AEL. Germ band retraction occurs from 7:20 
to 9:20 hours AEL. Organogenesis occurs during the stages of germ band extension 
and retraction. Embryogenesis is complete and the free-living first instar larva 
hatches approximately 24:00 hours AEL (Campos-Ortega and Hartenstein, 1985; 
Ashburner, 1989). 
The Drosophila larva goes through three different stages: first, second and 
third instar larva, each lasting 24, 24, and 48 hours, respectively.  Each of these 
larval stages is separated by the molting of the cuticle.   At 5 days AEL, the third 
instar larva enters the prepupal stage. During the following 5 day prepupal and 
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pupal period, metamorphosis occurs, where most of the larval structures are 
histolysed and replaced by imaginal cells, the progenitors of adult structures and 
organs. Completion of metamorphosis is marked by the eclosion of an adult fly. Male 
and female flies become sexually active 10 – 14 hours after eclosion and the cycle 
begins again (Bate and Martinez-Arias, 1993; Ashburner, 1989).  
1.3 Drosophila as a Model Organism 
Since 1910, when Thomas Hunt Morgan started working with Drosophila 
melanogaster (Morgan, 1910), Drosophila has become established as a premiere 
model organism (Venken and Bellen, 2005). The genetic relationships between 
Drosophila melanogaster and vertebrates has made it an ideal model for studying 
animal biology including human conditions such as aging, cancer and neurological 
disorders (Rose and Burke 2011; Stefanatos and Marcos, 2011; Bellen et al., 2010). 
The experimental advantages of Drosophila that have established it as a model 
organism are its small size, short generation time, small genome and high fecundity. 
Because eggs are laid externally and in large numbers, the life cycle of Drosophila is 
well characterized at all stages (Campos-Ortega and Hartenstein, 1985).  As a result 
of over 100 years of analysis Drosophila has one of the best defined genetic systems 
(Beller and Oliver, 2006). The well characterized genetic system combined with a 
small genome has resulted in one of the first fully sequenced metazoan genomes 
(Adams et al., 2000). Finally, since 1982, the ability to insert cloned and modified 
genetic material into the Drosophila genome by P-element mediated transformation 
has been essential for modern genetic analysis (Rubin and Spradling, 1982).   
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1.4 Ectopic Expression in Drosophila  
The ability to experimentally introduce DNA into an organism is one of the 
most important characteristics of a well defined model organism. In Drosophila the 
transposons called P-elements are used as a means to introduce DNA. Transposons 
are DNA elements that are able to move from one site in the genome to another. 
Movement requires the enzyme transposase to catalyze the excision of the P-
element from the host DNA and cis-acting DNA at the ends of the P-element that the 
transposase recognizes. Once excised from the original insertion, the P-element is 
inserted randomly at a new location in the genome (O’Hare and Rubin, 1983). For 
stable germ-line transformations, P-element vectors are used that contain P-
element ends, but not the gene that encodes the transposase. The P-element vectors 
contain a marker gene to screen for the insertion of the vector. A helper P-element, 
which contains a source of transposase, but inactive P-element ends is co-injected 
with the P-element vector (Rubin and Spradling, 1982).  The P-element vectors are 
carried on bacterial plasmids that contain an origin of replication and a selectable 
marker thereby allowing manipulation using standard molecular techniques.  
Most genes are expressed in complex temporal and spatial patterns, and 
ectopic expression of a gene refers to misexpression of a gene outside its normal 
pattern of expression. In Drosophila, three important ectopic expression systems 
include the heat-shock promoter (hsp) fusion (Struhl, 1985), the two component 
system using the yeast GAL4 transcription factor (Brand and Perrimon, 1993) and 
the FLP mediated promoter fusion (Struhl  and Bassler, 1993).   Creation of a heat-
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shock promoter fusion gene allows for expression of the target gene to be induced by 
administering a heat-shock, allowing temporal control of ubiquitous ectopic 
expression. The hsp ectopic expression system has several disadvantages: low, basal 
levels of transcription can occur under non-heat shock conditions, which can be a 
problem when small amounts of gene products are toxic to the organism; the hsp is 
active in all cells, which may mask more subtle phenotypes and require a more 
limited pattern of spatial expression (D’Avino and Thummel, 1999).  
The yeast transcriptional activator GAL4 binary system (Brand and 
Perrimon, 1993) allows the expression of the target gene in a variety of cell-and 
tissue-specific patterns. GAL4 can activate transcription of any target gene by 
binding to a GAL4 UAS (upstream activation sequence). The GAL4 system requires 
the establishment of two distinct P-element transformant lines: one expressing 
GAL4 in a particular spatial and temporal pattern and the other carrying the target 
gene under control of the GAL4 UAS element. The target gene is unable to be 
expressed without the presence of GAL4. After the two are crossed the target gene is 
activated in the temporal and spatial pattern of the GAL4 driver (D’Avino and 
Thummel, 1999). 
In yeast, FLP recombinase catalyzes the site-specific recombination between 
homologous 700bp sequences termed FLP recombinase target (FRT) sites in the 2-
µm minichromosome (Broach and Hicks, 1980).  When FRT sites are arranged as 
direct repeats flanking a DNA segment, FLP recombinase will excise the DNA 
segment between the FRT sites during site-specific recombination. In the FLP-
mediated promoter fusion, a promoter is separated from the gene of interest by a 
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“FLP-out cassette”. The cassette contains a transcriptional stop signal and a marker 
gene, flanked by two direct FRT repeats. Because the gene is separated from the 
promoter the gene product is not expressed. Upon activation of FLP expression, the 
cassette is excised and the target gene is now transcribed from the promoter 
(D’Avino and Thummel, 1999).  
1.5 Segmentation of Drosophila melanogaster  
The body plan of insects has two metameric registers.  The first metameric 
register is the embryonic parasegmental register, which is observed 
morphologically early during embryogenesis (Martinez-Arias and Lawrence, 1985). 
Second is the segmental register, which is morphologically observed during late 
embryogenesis and in the larva and imago.  The parasegmental and segmental 
registers are offset from one another; parasegments include the cells in the 
posterior part of one segment and the anterior part of the next more posterior 
segment (Figure 1.1) (Martinez-Arias and Lawrence, 1985; Akam, 1987).  The 
anterior-posterior (A-P) axis of the Drosophila is divided into 14 parasegments and 
15 segments. During early stages of development each segment appears similar to 
one another, but differentiates to take on different morphological identities later in 
development.  
The segmentation of Drosophila is well studied and the genes required for 
proper segmentation are well characterized. The segments easily observed on the 
larval cuticle are the three thoracic and eight abdominal segments. The genes 
responsible for segmentation of Drosophila fall into one of four classes that 
progressively segment the embryo. A-P axis formation is initiated by the coordinate 
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Figure 1.1: Segmental and Parasegmental Registers  
The relationship between the two metameric registers in D. melanogaster, the 
embryonic parasegmental register and the larval/adult segmental register. Panel A 
shows the first instar larva, aligned with the segmental register. Panel B shows the 
14 parasegments are out of phase with the segments by the width of one 
compartment. The anterior segmental compartments (A) develop denticle belts in 
the first instar larva and posterior segmental compartments (P) develop naked 
cuticle. Wild-type embryos express Fushi tarazu in the even numbered 
parasegments (purple) and Even-skipped in the odd numbered parasegments 
(orange) during the cellular blastoderm stage. The expression of segment polarity 
genes engrailed and wingless during germband extension are expressed in 14 
stripes, Engrailed (EN) at the anterior of each parasegment (green) and Wingless 
(Wg) at the posterior of each parasegment (red). The parasegmental border forms 
between the adjacent cells expressing WG and EN, the division between the 
posterior and anterior compartments of each cell. Segmental register: (Md) 
Mandibular; (Mx) Maxillary; (Lb) Labial; (T1-T3) Thoracic segments; (A1-A9) 
Abdominal segments (Martinez-Arias and Lawrence, 1985).
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Figure 1.1: Segmental and Parasegmental Registers 
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genes expressed from the maternal genome.  The transcripts of the coordinate genes 
are stored in the egg cytoplasm and are translated during the first few hours of 
development to establish the A-P axis.  The coordinate genes bicoid and nanos 
encode the anterior and posterior polar signals, respectively (St. Johnston and 
Nüsslein-Volhard, 1992). These coordinate genes organize the blastoderm fate map. 
Bicoid is required for patterning of the head and thorax, while Nanos is required for 
formation of the abdominal segments (Reviewed in Akam, 1987; Nüsslein-Volhard 
et al., 1987). The coordinate proteins control the expression pattern of gap genes 
which divide the embryo into distinct domains along the A-P axis. giant, huckebein, 
hunchback, knirps, Krüppel and tailless are gap genes, and mutations in gap genes 
cause the loss of adjacent body segments, resulting in a gap in the body plan of 
between 2 to 8 segments in length.  The gap genes encode transcription factors that 
control the expression of pair-rule genes. Pair-rule genes determine the number of 
segments in the embryo. The pair-rule genes share a characteristic expression 
pattern in the cellular blastoderm embryo of seven segment wide stripes of cells 
perpendicular to the A-P axis that express the protein, and each stripe is separated 
by a segment wide stripe of cells that do not express the protein. This pattern of 
expression is the first indication of a segmented body plan. Loss-of-function 
mutations in the pair-rule genes cause the embryo to develop with half the normal 
number of segments, due to the deletion of the alternating segments (Nusslein-
Volhard and Wieschaus, 1980; Reviewed in Akam, 1987). For example, in ftz 
mutants the even numbered parasegments are absent, but the odd numbered 
parasegments remain (Nusslein-Volhard et al., 1984; Wakimoto and Kaufman, 
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1981). Genes included in this class are fushi tarazu, even-skipped, paired, and odd-
skipped. Pair-rule genes control the expression of segment polarity genes which 
define the anterior-posterior polarities within each segment. Loss-of-function 
mutations in segment polarity genes form the normal number of segments, but the 
segments have pattern deletions, polarity reversals and duplications in each 
segment. Segment polarity genes include wingless, engrailed, hedgehog, fused, patch 
and gooseberry (Nusslein-Volhard and Wieschaus, 1980; Reviewed in Akam, 1987).  
1.6 Fushi Tarazu  
fushi tarazu (ftz) is a pair-rule gene expressed from the zygotic genome. 
Identification of ftz occurred during two independent genetic screens (Wakimoto 
and Kaufman, 1981; Jurgens et al., 1984). Since then, the location of ftz and the 
structure of FTZ have been well characterized. The ftz locus is found in the 
Antennapedia Complex, located on the right arm of the third chromosome. Isolation 
of the ftz gene revealed that ftz has a 1230-bp open reading frame that is 
interrupted with a 150-bp intron (Laughon and Scott, 1984; Weiner et al., 1984) 
Translation of this open reading frame results in a FTZ protein that is 410 amino 
acids in length.   
Proper segmentation requires the expression of ftz in the even-numbered 
parasegments and the absence of ftz expression in the odd-numbered parasegments 
(Martinez Arias and Lawrence, 1985) (Figure 1.2A). The name fushi tarazu is 
Japanese for ‘not enough segments’ and describes its null loss-of-function 
phenotype. Embryos homozygous for null mutations in ftz die during  
11 
 
Figure 1.2: Larval Cuticle Phenotypes 
A diagram of the three different larval phenotypes of FTZ expression. (A) Wild-type 
larvae develop with all segments intact (T1-T3, A1-A8). (B) The ftz larval 
phenotype: larvae develop from cuticle only derived from the odd numbered 
parasegments (T1, T3, A2, A4, A6 and A8). (C) The anti-ftz phenotype: larvae 
develop from cuticle only derived from the even numbered parasegments (T2, A1, 
A3, A5 and A7).  
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Figure 1.1.2: Larval Cuticle Phenotypes 
Figure 1.0.2: Larval Cuticle Phenotypes 
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embryogenesis because the ftz embryos develop with only half of the normal 
number of segments. The larvae develop with only the denticle belts of the odd  
numbered parasegments T1, T3, A2, A4, A6 and A8 (Nusslein-Volhard et al., 1984; 
Wakimoto and Kaufman, 1981) and the denticle belts of the even numbered 
parasegments are absent (Figure 1.2B). Conversely, when FTZ is expressed in all 
cells of the cellular blastoderm embryo, the embryos also die during embryogenesis. 
This is because the embryos develop with only the even numbered parasegments 
containing the denticle belts of T2, A1, A3, A5, and A7 (Figure 1.2C). This is called 
the anti-ftz phenotype, as the cuticles display the reciprocal phenotype of loss of 
function ftz mutants (Struhl, 1985; Ish-Horowicz et al., 1989).   
During the early stages of embryogenesis, including formation of the 
syncytial blastoderm, cellular blastoderm, gastrulation and germ band extension, 
the level and pattern of FTZ mRNA and FTZ protein expression is temporally and 
spatially dynamic.  Prior to cellularization in the syncytial blastoderm, FTZ mRNA is 
expressed in a large domain of the embryo between 15 to 65% of the egg length 
(Hafen et al., 1984; Karr and Kornberg, 1989). FTZ expression becomes segmental 
between the very late syncytial blastoderm and early cellular blastoderm stage. In 
late cellular blastoderm embryos, FTZ is expressed in seven stripes of cells, which 
are three to four cells wide and are the primordia of the even-numbered 
parasegments. During gastrulation the stripes of FTZ expression narrow to two cells 
wide. The level of FTZ expression decreases during germ band extension, becoming 
undetectable in most of the stripes (Hafen et al, 1984; Karr and Kornberg, 1989; Yu 
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and Pick, 1995).  During neurogenesis FTZ is expressed in specific neural precursor 
cells in the central nervous system (Hiromi et al., 1985). 
Normal ftz function and expression is dependent on cis-acting regulatory 
elements. Three important large upstream elements have been identified by 
deletion analysis: the zebra element, neurogenic element and the ftz enhancer 
(Hiromi et al, 1985). Placement of β-galactosidase under the control of the zebra 
element results in a striped pattern of expression in seven bands of cells along the 
germ band as well as up to two additional bands of cells in the anterior to the 
cephalic furrow (Hiromi et al., 1985). Gap genes and pair rule genes hairy and runt 
have been identified as acting through the zebra element (Carroll and Scott, 1986; 
Hiromi and Gehring, 1987).  The neurogenic element is required for expression of 
FTZ in neuroblasts and the central nervous system (Hiromi et al., 1985; Doe et al., 
1988). The ftz enhancer is required for ftz function and drives a striped pattern of β-
galactosidase expression in the mesoderm and ectoderm (Hiromi et al., 1985; 
Hiromi and Gehring., 1987). The ftz enhancer is required for the high levels of FTZ 
accumulation observed at the late cellular blastoderm stage. Activation of the ftz 
enhancer requires FTZ activity, as it is not active in ftz mutants (Hiromi and Gehring, 
1987). Direct interaction between the ftz enhancer and FTZ protein has been shown 
to be required for autoregulatory ftz enhancer activity (Schier and Gehring, 1992). 
1.7 FTZ Regulation of WG and EN Expression 
FTZ is a transcription factor that regulates the expression of a number of 
genes including apontic (apt), sulfated (sulf1,) drumstick (drm) and no ocelli 
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(noc)(Hou et al., 2009; Bowler et al., 2006). EVE, like FTZ, is also a transcription 
factor that regulates the expression of a large number of genes. Similar to FTZ, EVE 
is a protein that is expressed in seven stripes of cells along the A-P axis. However, in 
contrast to FTZ, EVE is expressed in the odd-numbered parasegments as opposed to 
the even-numbered parasegments (Frasch et al., 1987; Frasch and Levine, 1987).  
FTZ and EVE activate expression of en and repress expression of wg (DiNardo and 
O’Farrell, 1987; Ingham et al., 1988). The anterior narrowing of FTZ and EVE stripes 
at late cellular blastoderm stage allows the expression of WG at the posterior end of 
each of the parasegments. This leads to a final pattern of WG and EN expression as 
14 two-cell-wide stripes in which EN is expressed in the anterior of the 
parasegment, and WG is expressed in the posterior of the parasegment (Figure 1.1). 
The parasegmental border forms between the WG- and EN-expressing cells 
(Lawrence et al., 1987).  A third segment polarity gene hedgehog (hh), is regulated 
by EN and expressed in the same pattern (Tabata et al., 1992; Lee et al., 1992). HH 
activity is required to maintain the expression of WG in adjacent anterior cells, and 
WG expressing cells, in turn, maintain the expression of en and hh in adjacent 
posterior cells (Hidalgo and Ingham, 1990; Mohler and Vani, 1992; Tabata et al., 
1992; Lee et al., 1992).  This results in the stable maintenance of the parasegmental 
boundaries throughout development (Hidalgo, 1991). 
1.8 Conserved Domains of FTZ 
The FTZ protein has three conserved domains: the homeodomain, the FTZ-F1 
binding site and a PEST degradation sequence. FTZ is a transcription factor that 
contains a conserved DNA-binding protein domain: the homeodomain (HD) 
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(Laughon and Scott, 1984). The homeodomain is encoded by a 180- base pair DNA 
sequence called the homeobox (McGinnis et al., 1984). The homeodomain is 
composed of three α-helices. The helix-turn-helix motif is composed of helix 2 and 3. 
The third helix of the homeodomain is the recognition helix, and establishes contact 
with specific base pairs (Laughon and Scott, 1984; Otting et al.,1990; Gehring, 1992)  
The location of the homeodomain is between amino acids 254 to 313 in FTZ (Figure 
1.3). While the HD is a highly conserved motif it is dispensable for some FTZ 
activities (Fitzpatrick at al., 1992; Copeland et al., 1996; Hyduk and Percival-Smith, 
1996). The homeodomain is required to increase FTZ expression through 
autoactivation early in development (Hiromi and Gehring, 1987, Furukubo-
Tokunaga et al., 1992). However, even without a homeodomain, FTZ is still able to 
induce the anti-ftz phenotype (Fitzpatrick et al, 1992; Copeland et al, 1996). Hyduk 
and Percival-Smith (1996) proposed a model that suggested a temporal 
requirement for the homeodomain. It was proposed that FTZ operates in a HD-
dependent manner before the late cellular blastoderm stage to establish high levels 
of FTZ via autoactivation. The HD of FTZ binds directly to the ftz enhancer and 
causes an increase in the transcription of ftz, leading to high levels of FTZ protein 
expression (Schier and Gehring, 1992). HD-independence operates during late 
cellular blastoderm and gastrulation and is required for the FTZ-dependent EN 
expression, ftz enhancer activation and the establishment of the FTZ-dependent 
cuticle (Hyduk and Percival-Smith, 1996).   
Because FTZ has a HD-independent activity required for gene expression, the 
question arises as to how does FTZ interact with DNA without a homeodomain? The 
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Figure 1.3: A Diagrammatic Representation of Fushi tarazu 
(A) A diagrammatic representation of the FTZTT protein. (B) The amino acid 
sequence of FTZTT protein with important domains of FTZ highlighted. Terminal 
domains of FTZ (2-97 and 376-410) are highlighted in green, the FTZ-F1 binding 
site (109-115) in pink, the PEST degradation sequence in purple (207-218) and the 
homeodomain (254-313) in blue. The negative regulatory domain is highlighted in 
yellow (148-206). At the C-terminal end the triple tag (TT) is highlighted in brown 
(3xFLAG, StrepII, 6xHis).  
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Figure 1.3: A Diagrammatic Representation of Fushi tarazu 
Figure 1.0.3: A Diagrammatic Representation of Fushi tarazu 
 
A 
B 
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nuclear receptor FTZ-F1 (Fushi tarazu factor 1) is an essential co-factor required for 
the DNA binding of FTZ. Unlike zygotically expressed FTZ, FTZ-F1 mRNA is 
maternally deposited and FTZ-F1 protein is expressed ubiquitously throughout the 
embryo (Guichet et al., 1997; Yu et al., 1997; Yussa et al., 2001.) Embryos that lack 
FTZ-F1 expression display the ftz phenotype, indicating the necessity of FTZ-F1 for 
FTZ-dependent activities (Guichet et al., 1997; Yu et al., 1997).  FTZ-F1 was 
originally classified as an orphan nuclear receptor, since no known putative ligand 
has been identified (Giquere, 1999). Recent studies suggest that FTZ-F1 is actually a 
member of a novel class of ligand-independent nuclear receptors (Yoo et al., 2011). 
Nuclear receptors generally consist of a variable N-terminal domain, a DNA binding 
domain consisting of two zinc fingers , and a C-terminal ligand binding domain, 
which contains an activation function 2 (AF2) domain (Yussa et al., 2001). When no 
ligand is present the AF2 domain is in an inactive position. Binding of a ligand places 
the AF2 domain in the correct orientation and in an active position. As a ligand 
independent nuclear receptor, instead of binding to a ligand, helix 6 of FTZ-F1 is 
inserted into the ligand binding pocket and causes a conformational change, placing 
the AF2 domain into an active position (Yoo et al., 2011). The AF2 domain of FTZ-F1 
interacts with the LXXLL motif (where L is leucine and X is any amino acid) of FTZ 
(Yussa et al., 2001; Schwartz et al., 2001). The nuclear receptor box of FTZ is 
between amino acids 109 and 115, and is known as the FTZ-F1 binding site (Figure 
1.3). 
FTZ also contains a PEST degradation sequence at amino acids 207 to 218 
(Figure 1.3). A PEST region is rich in proline (P), glutamic acid (E), serine (S) and 
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threonine (T) residues. PEST sequences are associated with proteins that have a 
short half life and it has been hypothesized that the PEST sequence acts as a signal 
peptide for protein degradation (Rogers et al., 1986). FTZ protein degrades quickly 
in vivo, with a protein half life of less than 10 minutes. Engineered mutations were 
isolated in the PEST sequence of FTZ that resulted in a more stable FTZ protein that 
was able to persist for much longer during development (Kellerman et al., 1990). 
Amino acid sequence analysis has not revealed any other conserved domains that 
may contribute to the understanding of FTZ regulatory activity. 
1.9 Terminal Domains 
To identify regions of the amino acid sequence of FTZ required for regulation 
of FTZ-dependent genes, studies by Hyduk and Percival-Smith (1996), Argiropoulos 
et al., (2003), Bath (2010) and Bults (2010) utilized deletion analyses. In these 
analyses, induction of the anti-ftz phenotype (Figure 1.2C) by ectopically expressed 
FTZ derived proteins was used as the assay for FTZ function. Domains that are 
required for FTZ function, when removed, will not result in an anti-ftz phenotype, 
and the larvae will exhibit wild-type phenotype (Figure 1.2A). FTZ proteins with 
deletions that still cause an anti-ftz phenotype indicate that the region affected is 
not required for FTZ function.  
Deletion analysis of the terminal regions divided the regions into three 
sections: two N-terminal regions (amino acids 2-47, 48-97) and one in the C-
terminal region (376-410) (Figure 1.3). Additive effects of the terminal regions were 
suggested when FTZ∆2-97,376-410TT, was unable to induce the anti-ftz phenotype (Bults, 
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2010). An analysis of amino acid composition in the amino and carboxyl terminal 
regions show a high proportion of tyrosine residues (Figure 1.4), compared to the 
rest of the FTZ protein (Bath, 2010). This high proportion has been conserved 
between other insect FTZ homologs. The tyrosines were required for FTZ function, 
since FTZ-derived proteins where all tyrosines have been removed from the 
terminal regions (2-97 and 376-410) are unable to induce the anti-ftz phenotype 
(Bath, 2010).    
1.10 Phosphorylation of FTZ 
Post translational chemical modifications regulate protein function. 
Phosphorylation is a form of post translational modification that affects a variety of 
properties in transcription factors such as nuclear translocation, DNA binding 
affinity, structure and the ability to regulate transcription (Hunter and Karin, 1992).  
One of the first homeodomain proteins shown to be phosphorylated was FTZ 
(Krause and Gehring, 1989). In particular, phosphorylation of both the 
homeodomain and the FTZ-F1 binding site affect FTZ function. In the homeodomain, 
changing T263 to an alanine residue results in a loss of FTZ function. Changing T263 
to an aspartic acid, which mimics phosphorylation (Tarrant and Cole, 2009), rescues 
FTZ function. This implies that T263 is likely phosphorylated when FTZ is active 
(Dong et al. 1998). Likewise in the FTZ-F1 binding site, changing residue T115 to an 
alanine does not affect FTZ activity, while changing T115 to an aspartic acid results 
in an inactive FTZ protein. This suggests that phosphorylating T115 residue in the 
FTZ-F1 binding site abolishes FTZ activity (Bath, 2010). 
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Figure 1.4: A Moving Average of the Proportion of Tyrosines in the FTZ Amino 
Acid Sequence  
The insect proportions for the moving average were calculated in 25 amino acid 
sets. The D. melanogaster FTZ (green) has a high proportion of tyrosines in both 
termini, 36% in the N-terminal region and 20% in the C-terminal region. The high 
proportion of tyrosines in the termini is conserved among insects. Tyrosine 
proportions of D. hydei (purple) , Culex quiquefasciatus (mosquito, yellow) and 
Nasonia vitripennis (wasp, blue) is shown along with the D. melanogaster sequence.  
All are aligned relative to the homeodomain. The combined average of all specimens 
is shown in black (Bath, 2010). 
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Figure 1.0.4: A Moving Average of the Proportion of Tyrosines in the FTZ 
Amino Acid Sequence 
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1.11 A Negative Regulatory Domain 
Many important domains of FTZ have been characterized and all of these 
domains play an important role in FTZ activity.  The study by Argiropoulos et al., 
(2003) found another previously unknown domain of FTZ, within the amino acid 
region of 148 to 206 (Figure 1.3).   Attempts to introduce the construct that encodes 
for the protein FTZ∆148-206 into the Drosophila germ-line under the control of a heat-
shock promoter were unsuccessful.   This is thought to be due to the accumulation of 
a toxic FTZ protein, from basal level of transcription from the heat shock promoter. 
However, when the same deletion construct was cloned into a low level ectopic 
expression vector, a transgenic line was established (Argiropoulos et al., 2003). Low 
level ectopic expression of full length FTZ from the Tubulin α1 promoter results in a 
“ftzUal/Rpl-like” phenotype (Duncan, 1986; Kellerman et al., 1990).  The ftz-Ultra-
abdominal-like (ftzUal ) phenotype is a patchy homeotic transformation of the first 
abdominal segment (A1) to the third abdominal segment (A3). The ftz-Regulator-of-
postbithorax-like (ftzRpl ) phenotype is larval and adult segmental deletions, with 
patchy transformations of the third thoracic segment (T3) to the second thoracic 
segment (T2). Deletion of the 148 to 206 region of FTZ followed by low level ectopic 
expression with the Tubulin α1 promoter resulted in a strong anti-ftz phenotype, 
indicating a hyperactive FTZ protein.  This led to the conclusion that the 148 to 206 
region is required for negative regulation of FTZ activity, and that within this region 
there exists a negative regulatory domain (Argiropoulos et al., 2003).  
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1.12 Objectives and Rationale 
 The identification of the negative regulatory domain in FTZ by Argiropoulos 
et al., (2003) led me to hypothesize that this domain is regulated in part by 
phosphorylation and interactions with other important domains within FTZ.  I 
explored this hypothesis through three objectives. The first objective was to 
precisely locate the negative regulatory domain, the second was to determine which 
domains of FTZ were regulated by the negative regulatory domain, and the third 
was to determine whether or not phosphorylation was involved in the activity of the 
negative regulatory domain.  
I ectopically expressed FTZ deletion constructs in two different models to 
locate the negative regulatory domain. When fused to a heat-shock promoter, FTZ 
derivatives that lack the negative regulatory domain are unable to establish a germ-
line transformant and have a low level of survivorship. Second, when fused to the 
Tubulin α1 promoter, a FLP recombinase promoter ectopic expression system, 
larvae ectopically expressing FTZ derivatives that lack the negative regulatory 
domain result in an anti-ftz phenotype.  
The nature of how this domain works to suppress FTZ activity is unknown. 
When the negative regulatory domain is deleted FTZ is hyperactive. Potential 
reasons for the hyperactivity are that FTZ can now more effectively interact with 
FTZ-F1, make a more effective interaction with DNA through the homeodomain, or 
terminal tyrosines are able to promote transcription more strongly. To determine 
what  the negative regulatory domain may possibly interact with, I created double 
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deletion mutants, which resulted in the FTZ mutants that lack both the negative 
regulatory domain and either the homeodomain, FTZ-F1 binding site or terminal 
tyrosines.  
Finally, to further characterize the negative regulatory domain, I looked at 
the possibility that FTZ contains post translational modifications in the 148 -206 
region. Both the homeodomain and the FTZ-F1 binding site have been identified as 
having sites that are post translationally modified by phosphorylation (Krause and 
Gehring, 1989; Dong et al., 1998; Bath, 2010). I mutated predicted phosphorylated 
serine and threonine residues to either an alanine to mimic constitutive 
dephosphorylation or an aspartic acid to mimic constitutive phosphorylation and 
tested to see if the activity of the negative regulatory domain was affected.  
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CHAPTER 2: MATERIALS AND METHODS 
2.1 Construction of FTZTT Deletion Constructs 
The DNA constructs encoding the proteins shown in Figure 2.1, 2.2 and 2.3 
were fused behind either the heat-shock promoter of the P-CasPeR vector (Thummel 
and Pirrotta, 1992) or inserted into the P{w+, Not1 < y+ < Tub α1 } vector (Percival-
Smith et al., 1997). All of the encoded proteins had a Triple Tag fused to the C-
terminal end (Tiefenbach et al. 2010), containing 3X FLAG tags, Strep II tag and 6X 
His tags. The constructs were made using a standard PCR mutagenesis technique 
(McPherson and Møller, 2000). All PCR steps were carried out using Platinum® Taq 
DNA High Fidelity polymerase (Invitrogen).  DNA fragments from the PCR reactions 
were excised from a 1% (w/v) agarose gel and isolated using a QIAGENTM Quick Gel 
Extraction Kit. The full length fragments were digested with NotI and ligated with 
T4 DNA Ligase (Invitrogen) into the unique NotI site of either P-CasPeR or p{w+, 
Not1 < y+ < Tub α1 }. The ligated DNA was transformed into Subcloning EfficiencyTM 
DH5TM Competent Cells (Invitrogen).  Colonies were screened for plasmids 
containing the insert by PCR. DNA of each construct was purified from the media 
using a QIAGENTM Plasmid Midi Kit. The DNA sequence was confirmed at the 
Robarts Research Institute DNA sequencing facility.    
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Figure 2.1: A Diagrammatic Representation of Fine Mapping FTZ Deletion 
Constucts.  
(A) Diagrammatic representation of a construct for expression of full length FTZ 
containing a triple tag at the C-terminus, FTZTT; the terminal domains of FTZ are 
highlighted in green, the FTZ-F1 binding site in pink and the homeodomain in blue.  
Deletion constructs were made between amino acids 148 to 206, the negative 
regulatory domain. (yellow). (B) The entire identified negative regulatory domain 
was deleted, FTZ∆148-206TT. The deletion analysis then divided the negative 
regulatory domain (FTZ∆148-206TT) into smaller deletions. Two 30 amino acid 
deletions (FTZ∆148-177TT and FTZ∆178-206TT), four 15 amino acid deletions FTZ∆148-162TT, 
FTZ∆163-177TT, FTZ∆178-192TT and FTZ∆193-206TT) and twelve 5 amino acid deletions 
(FTZ∆148-152TT, FTZ∆153-157TT, FTZ∆158-162TT, FTZ∆163-167TT, FTZ∆168-172TT, FTZ∆173-177TT, 
FTZ∆178-182TT, FTZ∆183-187TT, FTZ∆188-192TT and FTZ∆193-197TT, FTZ∆198-202TT, and FTZ∆203-
206TT). Each of the constructs encoding these proteins was inserted into P-CasPeR, 
under the control of a heat-shock promoter and P{w+, Not1 < y+ < Tub α1}, under the 
control of a Tubulin α1 promoter.
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Figure 2.0.1: A Diagrammatic Representation of Fine Mapping FTZ 
Deletion 
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Figure 2.2: A Diagrammatic Representation of Double Deletion FTZ Constructs 
(A) Diagrammatic representation of full length FTZTT; the terminal domains of FTZ 
are highlighted in green, the FTZ-F1 binding site in pink, the homeodomain in blue 
and the negative regulatory domain in yellow. (B) Three constructs were built that 
contained a deletion of both the negative regulatory region and another important 
domain in FTZ, the FTZ-F1 binding site (FTZ∆148-206+∆FTZ-F1TT), the homeodomain 
(FTZ∆148-206+∆HDTT) and the terminal tyrosines (FTZ∆148-206+∆YTT). The terminal 
domains of FTZ are highlighted in green, the FTZ-F1 binding site in pink and the 
homeodomain in blue.  Each of the constructs encoding these proteins was inserted 
P-CasPeR and P{w+, Not1 < y+ < Tub α1}.
31 
 
 
A 
B 
Figure 2.0.2: A Diagrammatic Representation of Double Deletion FTZ Constructs 
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Figure 2.3: Modifications of the FTZ Protein from Threonine or Serine to 
Aspartic Acid or Alanine  
(A) Diagrammatic representation of full length, FTZTT; the terminal domains of FTZ 
are highlighted in green, the FTZ-F1 binding site in pink the homeodomain in blue 
and the negative regulatory domain in yellow. (B) The negative regulatory domain 
sequence (yellow) was examined for predicted phosphorylated threonine or serine 
residues (T or S). These residues are highlighted in red.  (C) Residues were changed 
to an aspartic acid, D, to mimic phosphorylation. (D) Residues were changed to an 
alanine, A, to mimic dephosphorylation. Each of the constructs encoding these 
proteins was inserted P-CasPeR and P{w+, Not1 < y+ < Tub α1}. 
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Figure 2.0.3: Modifications of the FTZ Protein from Threonine or Serine to 
Aspartic Acid or Alanine 
A 
B 
D 
C 
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2.2 Generation of Homozygous Fly Lines 
The constructs were inserted into the genome of y w67c23.2 D. melanogaster, by 
P-element mediated transformation (Rubin and Spradling, 1982). The injected adult 
survivors were crossed to y w67c23.2flies.  Since the vector P{w+, FTZXTT < y+ < Tub α1 } 
contains two marker genes the miniwhite+ (w+) gene and the yellow+ (y+) gene, G1 
progeny that exhibited red eyes (w +) and tan bodies (y+) had the P-element inserted 
into the genome (Percival-Smith et al., 1997). Since P-CasPeR contains the marker 
miniwhite+, G1 progeny that exhibited red eyes also had the P-element inserted into 
the genome (Thummel and Pirrota, 1992).  Individuals carrying the P-elements 
were backcrossed to y w67c23.2 flies to generate transgenic lines. Each transgenic line 
was made homozygous in standard crosses (Greenspan, 2004).  
2.3 Heat-shock Induction of FTZ Expression 
For high levels of ectopic expression of FTZXTT, embryos were heat-shocked.  
Transgenic lines carrying P-CasPeR DNA constructs were collected on apple juice 
plates. Embryos were collected for 30 minutes and allowed to develop at 23°C and 
60% humidity. The embryos were collected from the apple juice plates onto a mesh 
screen, and the mesh screen was placed in a 1.7ml microcentrifuge tube and the 
embryos were heat-shocked at 36.5°C for 18 minutes in a circulating water bath at 
3:20 hours AEL. Following the heat-shock the embryos were allowed to complete 
embryogenesis at 23°C for 21-24 hours.  
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2.4 FLPase Induction of FTZ Expression 
In the FLP recombinase ectopic expression system the ftz coding region is 
separated from the constitutive Tubulin α1 (Tub α1) promoter by the “FLP-out 
cassette”, the yellow+ gene (Figure 2.4). The yellow gene contains a transcription 
termination site which stops ftz from being expressed. FLP recombinase catalyzes 
the excision of the yellow+ gene and the fusion of the Tub α1 promoter to the ftz 
coding region (Argiropoulos et al., 2003).  Male P{w+, FTZXTT < y+ < Tub α1} 
transformants were crossed with females carrying P{2 Tubulin FLP} and the male 
progeny was collected. FLP is specifically expressed during spermatogenesis from 
the β2 Tubulin promoter. Fifty percent of the sperm produced carry P{w+, FTZXTT 
<Tub α1},  should have  the ftz coding region fused to the Tub α1 promoter due to the 
removal of the yellow gene. The male progeny were crossed with female y 
w67c23.2flies. Once an egg is fertilized with sperm, fifty percent of the embryos 
constitutively express FTZ in every cell (Argiropoulos et al., 2003). The embryos 
were collected on apple juice plates for 8 hours and allowed to develop at 23°C for 
24 to 26 hours AEL.  
2.5 First Instar Larval Cuticle Preparation  
Larvae were allowed to develop 24-26 hours AEL at 23°C and 60% humidity 
before being dechorionated with a 3% sodium hypochlorite solution for 1 minute. 
The larvae were rinsed with water and immersed into a 15 mL conical tube 
containing 2.0 mL methanol and 2.0 mL heptane.  The larvae were shaken in the 
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Figure 2.4: The Yeast Flip Recominbase Ectopic Expression System 
In this ectopic expression system the ftz coding region (purple) is separated from 
the Tubulin α1 promoter (blue) by an Flip recombinase target site (FRT; green)  
flanked yellow+ gene. FLP recombinase (pink) is only expressed during 
spermatogenesis and catalyzes the excision of the yellow+ gene and the fusion of the 
Tubulin α1 promoter to the ftz coding region, resulting in FTZ expression. 
Fertilization of a y w67c23.2  egg with this sperm results in an embryo where every cell 
is constitutively expressing FTZ during development.  
 Transcription start site 
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Figure 2.0.4: The Yeast Flip Recominbase Ectopic Expression System 
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tube to remove the vitelline membrane.  The larvae were washed twice with 1.0 mL 
of methanol and were then transferred to a glass slide. After the methanol had 
evaporated the larvae were mounted in a 1:1 mixture of Hoyers mountant 
(0.15g/mL gum Arabic, 4g/mL chloral hydrate, 0.6g/mL glycerol) and lactic acid 
(Van der Meer, 1977; Nusslein-Volhard et al, 1984). The slides were placed at 60°C 
overnight. The cuticles were viewed under darkfield optics on a Leica Leitz DMRBE 
microscope. 
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CHAPTER 3: RESULTS 
3.1 The Negative Regulatory Domain Mapped Between the Region 178 to 
206  
In previous work it was found that removal of a negative regulatory domain 
of FTZ results in two phenomena when the protein is expressed from the heat-shock 
promoter. First, injection of constructs lacking the negative regulatory domain 
results in a low number of adult survivors due to low basal levels of transcription 
from the heat-shock promoter and accumulation of a hyperactive toxic FTZ protein 
(Argiropoulos et al., 2003). Second, the low survivorship is associated with the 
inability to establish a germ-line transformant due to the accumulation of a 
hyperactive toxic FTZ protein. I used these two phenomena to identify and map the 
negative regulatory domain between amino acids 178 and 206 of FTZ. I created 19 
constructs fused to the heat-shock promoter (Figure 2.1). Each construct was 
injected into y w67c23.2 embryos. Survivorship is defined as the percentage of 
enclosed adults relative to the number of embryos injected. Each survivor was 
crossed to y w67c23.2 flies and the progeny were screened for red eyed flies, which 
marks a germ-line transformant.  Full length FTZ was injected as a control to 
establish a base, 9.8%, survivorship.  Constructs expressing proteins FTZ∆148-177TT, 
FTZ∆148-162TT, FTZ∆163-177TT, FTZ∆148-152TT, FTZ∆153-157TT FTZ∆158-162TT, FTZ∆163-167TT, 
FTZ∆168-172TT, FTZ∆173-177TT, FTZ∆178-182TT, FTZ∆183-187TT, FTZ∆188-192TT and FTZ∆193-197TT 
all exhibited high survivorship and an ability to establish a germ-line transformant. 
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However constructs expressing proteins FTZ∆148-206TT, FTZ∆178-206TT, FTZ∆178-192TT, 
FTZ∆193-206TT, FTZ∆198-202TT, and FTZ∆202-206TT all had a low percentage of survivors 
and no germ-line transformants were established, suggesting that the protein 
expressed from these constructs is toxic (Table 3.1). These results suggest that the 
negative regulatory domain is located in the region between 178 and 206 (Figure 
3.1).  
3.2 The FTZ-F1 Binding Site and Terminal Tyrosines are Required in the 
Absence of the Negative Regulatory Domain  
The homeodomain, the FTZ-F1 binding site and the terminal tyrosines are 
important functional domains of FTZ.  To determine whether these functional 
domains are required or are dispensable when the negative regulatory domain is 
absent, constructs were created that expressed a FTZ derivative that lacks the 
negative regulatory domain and one of the three important functional domains; the 
FTZ-F1 binding site, the homeodomain or the terminal tyrosines (Figure 2.2). The 
constructs fused behind the heat-shock promoter of P-CaSpeR were injected into 
embryos.  All three deletion constructs, FTZ∆148-206+∆FTZ-F1TT, FTZ∆148-206+∆HDTT and 
FTZ∆148-206+∆YTT, had a high percent survivorship (Table 3.2) and germ-line 
transformants were established for FTZ∆148-206+∆FTZ-F1TT and FTZ∆148-206+∆YTT. 
However, no germ-line transformant was established for FTZ∆148-206+∆HDTT. It is 
possible that deletion of the homeodomain in conjunction with deletion of the  
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Table 3.1: Survivorship Assay and Establishment of Germ-line Transformants 
from FTZ Constructs fused to a Heat-shock Promoter 
Protein Expressed from 
a hsp 
% Survivorsa Number of 
Survivorsb 
Transformantc 
FTZTT 9.8 28/285   
FTZ∆148-206TT 1.3 8/608        X 
FTZ∆148-177TT 10.9 32/294   
FTZ∆178-206TT 0.8 3/355         X 
FTZ∆148-162TT 11.3 36/318   
FTZ ∆163-177TT 10.3 32/312   
FTZ ∆178-192TT 2.0 12/600        X 
FTZ ∆193-206TT 1.3 8/606        X 
FTZ ∆148-152TT 7.4 22/298   
FTZ ∆153-157TT 8.7 24/276   
FTZ ∆158-162TT 7.4 28/380   
FTZ ∆163-167TT 9.0 26/290   
FTZ ∆168-172TT 8.1 30/370   
FTZ ∆173-177TT 6.8 26/380   
FTZ ∆178-182TT 7.5 24/322   
FTZ ∆183-187TT 7.0 22/314   
FTZ ∆188-192TT 8.0 26/326   
FTZ ∆193-197TT 8.5 28/330   
FTZ ∆198-202TT 3.0 10/334        X 
FTZ ∆203-206TT 4.4 16/360        X 
 
a Percent of injected embryos that eclosed as adults. 
b Number of eclosed adults over the number of embryos injected.  
c The tick indicates that a germ-line transformant was established. The X indicates 
no germ-line transformant was established. 
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Figure 3.1: FTZ Expressing Deletion Constructs Containing the Negative 
Regulatory Domain 
 
(A) Constructs expressing FTZ∆148-206TT, FTZ∆178-206TT, FTZ∆178-192TT, FTZ∆193-206TT, 
FTZ∆198-202TT, and FTZ∆202-206TT from a heat-shock promoter all had a low percent 
of survivors and no germ-line transformants were established, indicating the 
negative regulatory domain was removed. Amino acids shown are the deleted 
residues.  (B) The amino acid sequence of region 148 to 206. The segment in 
orange, 178 to 206, contains the negative regulatory domain. 
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Figure 3.0.1: FTZ Expressing Deletion Constructs Containing the Negative 
Regulatory Domain 
A 
B 
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Table 3.2 
Table3.2: Survivorship Assay and Establishment of Germ-line Transformants 
for Double Deletion Expressing FTZ Constructs and FTZ Constructs Mimicking 
Phosphorylation/Dephosphorylation 
Protein expressed 
from the hsp  
% Survivorsa Number of 
Survivorsb 
Transformantc 
FTZTT 9.80 28/285   
FTZ∆148-206+∆FTZ-F1TT 11.52 38/330   
FTZ∆148-206+∆HDTT 9.35 210/2245   X 
FTZ∆148-206+∆YTT 15.40 71/461   
FTZD1-7TT 9.67 59/610   
FTZ∆A1-7TT 10.30 68/660   
 
a Percent of injected embryos that eclosed as adults. 
b Number of eclosed adults over the number of embryos injected  
c The tick indicates that a germ-line transformant was established. The X indicates 
no germ-line transformant was established. 
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negative regulatory domain may create a FTZ derivative that while not as toxic as 
deletion of the negative regulatory domain alone is still toxic enough not to allow 
the establishment of a germ-line transformant.  
To assay whether the hyperactivity of FTZ∆148-206TT protein required the FTZ-F1 
binding site or the terminal tyrosines, I assayed whether the expression of FTZ∆148-
206+∆FTZ-F1TT and FTZ∆148-206+∆YTT protein from a heat-shock promoter were able to 
induce the anti-ftz phenotype. Ectopic expression of FTZTT from the heat-shock 
promoter resulted in a high percent of larvae able to induce the anti-ftz phenotype; 
however, ectopic expression of FTZ∆148-206+∆FTZ-F1TT and FTZ∆148-206+∆YTT resulted in 
no or very low anti-ftz induction (Table 3.3, Figure 3.2). These results suggest that 
hyperactivity of FTZ∆148-206 requires the FTZ-F1 binding site and the terminal 
tyrosines.  
3.3 Genetic Analysis of the Phosphorylation of the Negative Regulatory 
Domain 
 The FTZ protein is phosphorylated on serine and threonine residues (Krause 
and Gehring, 1989). In the region 148 to 206 there are a number of threonine and 
serine residues. The NetPhos 1.0 Server predicted seven potential phosphorylation 
sites with a cut off threshold above 0.50 within the 143 to 214 region of FTZ (Table 
3.4), amino acid residues S147, T161, S175, T190, T195, T207, and S211 (Blom et 
al., 1999). In addition, the two deletion constructs expressing FTZ∆178-192TT and 
FTZ∆193-206TT that have a low percent  survivorship disrupt potential 
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Table 3.3: Mean Frequency of anti-ftz Induction in Larvae Ectopically 
Expressing FTZ Double Deletion Constructs 
Protein expressed 
from a hsp 
anti-ftz 
phenotype(%)a 
Mean level of anti-
ftz phenotype (%) 
(±SEM)b 
Phenotype 
FTZTT 51.7 (83/160) 
53.9 (83/152) 
48.7 (76/156) 
51.53 ±1.48 anti-ftz (A)c 
FTZ∆148-206+∆FTZ-F1TT 0.0 (0/104) 
0.0 (0/126) 
0.0 (0/122) 
0.0±0.0 wildtype (B) 
FTZ∆148-206+∆YTT 0.0 (0/118) 
0.99 (1/101) 
0.0 (0/104) 
0.33±0.33 wildtype (C) 
 
a Percent anti-ftz phenotype induction for each of three technical replicates   
b Mean level of anti-ftz  phenotype induction (%) for all three replicates (± standard 
error) 
c The letter refers to the larval cuticle phenotype in Figure 3.2 
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Figure 3.2: Larval Cuticle Phenotypes of Ectopically Expressed of FTZTT, 
FTZ∆148-206+∆FTZ-F1TT and FTZ∆148-206+∆YTT  
First instar larval phenotypes after ectopic expression from a heat-shock promoter 
of: (A) FTZTT results in the anti-ftz cuticular phenotype with half the normal number 
of segments, (B) FTZ∆148-206+∆FTZ-F1TT results in the wildtype cuticular phenotype with 
the normal number of segments, (C) FTZ∆148-206+∆YTT results in the wildtype cuticular 
phenotype with the normal number of segments, (D) y w67c23.2 wildtype control, 
develops with the normal number of segments.  
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Figure 3.0.2: Larval Ectopic Expression Pattern of FTZTT, FTZA1-7TT and FTZD1-7TT from a Heat-Shock Promoter 
 
 
 
 
A 
B 
C 
D 
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Table 3.4: Predicted Phosphorylation Sites of Amino Acids Threonine and 
Serine Using  the NetPhos 1.0 Server 
Amino Acid Positiona Contextb Scorec Predictiond 
Threonine  145 TTKVTASPA 0.364  
Serine  147 KVTASPAPS 0.644 *S* 
Serine 151 SPAPSYDQE 0.417  
Threonine 158 QEYVTVPTP 0.016  
Threonine 161 VTVPTPSAS   0.620 *T* 
Serine 163 VPTPSASED 0.490  
Serine 165 TPSASEDVD 0.421  
Serine 175 LDVYSPQSQ 0.726 *S* 
Serine 178 YSPQSQTQK 0.296  
Threonine 190 GDFATPPPT   0.642 *T* 
Threonine 194 TPPPTTPTS   0.029  
Threonine 195 PPPTTPTSL   0.943 *T* 
Serine 198 TTPTSLPPL 0.455  
Serine 206 LEGISTPPQ 0.088  
Threonine 207 EGISTPPQS 0.764 *T* 
Serine 211 TPPQSPGE- 0.994 *S* 
 
a Position of the amino acid within the 410 amino acid sequence of FTZ. 
b Selected amino acid in context with surrounding amino acids. 
c Probability of selected amino acid being phosphorylated. 
d Selected amino acid with a score above 0.50 were predicted to be phosphorylated, 
denoted with asterisks 
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phosphorylation sites at T190 and T195. Using PCR mutagenesis all seven predicted 
sites were mutated to either an aspartic acid to mimic phosphorylation, FTZD1-7, or 
an alanine to mimic dephosphorylation, FTZA1-7 (Figure 2.3). The constructs were 
then fused to the heat-shock promoter vector P-CaSpeR. Injection of P-CaSpeR 
constructs expressing FTZD1-7TT and FTZA1-7TT from the heat-shock promoter resulted 
in high survivorship and the establishment of germ-line transformants (Table 3.2). 
This indicates that the negative regulatory domain of FTZD1-7TT and FTZA1-7TT was 
unaffected by the changes to aspartic acid and alanine, suggesting that 
phosphorylation and dephosphorylation do not play a role in regulating the negative 
regulatory domain. To determine whether or not the serine and threonine amino 
acid changes were required for FTZ activity, the ability to induce the anti-ftz 
phenotype was assessed. Both FTZD1-7TT and FTZA1-7TT were able to induce a strong 
anti-ftz phenotype, indicating that these residues are not required for FTZ activity 
(Table 3.5, Figure 3.3).  
3.4 Low Level Ectopic Expression of FTZ Derivatives  
Ectopic expression of FTZ derivatives that lack the negative regulatory 
domain from the Tub α1 promoter results in a strong anti-ftz phenotype 
(Argiropoulos et al., 2003). To express the FTZ derivatives FTZ∆148-206TT, FTZ∆178-
206TT, FTZ∆178-192TT, FTZ∆193-206TT, FTZ∆198-202TT, FTZ∆202-206TT, FTZ∆148-206+∆FTZ-F1TT, 
FTZ∆148-206+∆YTT, FTZD1-7TT and FTZA1-7TT from the Tubulin α1 promoter, constructs 
were inserted into the plasmid of P{w+, FTZXTT < y+ < Tub α1} and were injected into   
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Table 3.5: Mean Frequency of anti-ftz Induction in Larvae Ectopically 
Expressing FTZ Phosphorylation Constructs from a Heat-Shock Promoter 
Protein expressed 
from the hsp 
anti-ftz phenotype 
(%)a 
Mean level of anti-
ftz phenotype (%) 
(±SEM)b 
Phenotype 
FTZTT 
 
51.69 (61/118) 
46.90 (53/113) 
53.66 (66/123) 
50.75 ±2.01 anti-ftz (A)c 
FTZD1-7TT 35.89 (42/117) 
39.49 (62/157) 
41.11 (51/124) 
38.83±1.54 anti-ftz (B) 
FTZA1-7TT 42.06 (53/126) 
40.90 (36/88) 
40.78 (42/103) 
41.25±0.41 anti-ftz (C) 
 
a Percent anti-ftz phenotype induction for each of three technical replicates.   
b Mean level of anti-ftz  phenotype induction (%) for all three replicates (± standard 
error). 
c The letter refers to the larval cuticle phenotype in Figure 3.2. 
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Figure 3.3: Larval Cuticle Phenotypes of Ectopically Expressed FTZTT, FTZA1-7TT 
and FTZD1-7TT  
First instar larval phenotypes after ectopic expression from a heat-shock promoter 
of: (A) FTZTT results in the anti-ftz cuticular phenotype with half the normal number 
of segments, (B) FTZD1-7TT results in the anti-ftz cuticular phenotype with half the 
normal number of segments, (C) FTZA1-7TT results in the anti-ftz cuticular phenotype 
with half the normal number of segments, (D) y w67c23.2 wildtype, negative control, 
develops with the normal number of segments.  
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Figure 3.0.3: Larval Cuticle Patterns from Ectopically Expressed FTZTT, FTZA1-7TT 
and FTZD1-7TT from a Heat-Shock Promoter 
 
 
 
 
A 
B 
C 
D 
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embryos. Germ-line transformants were established with the exception of the 
construct expressing  FTZ∆148-206+∆HDTT.  
To induce expression of these FTZ derivatives from the Tub α1 promoter 
required removal of the yellow+ gene using a FLP source expressed specifically 
during spermatogenesis.  Males containing the P{w+, FTZXTT < y+ < Tub α1} and 
expressing the β2 tubulin FLP source were crossed to y w67c23.2 female flies. No anti-
ftz phenotype was observed even with a positive control expressing FTZ∆148-206 is 
used (Argiropoulos et al., 2003). When the Tub α1 promoter is fused to ftz the yellow 
gene is lost. In none of the crosses did I observe loss of the yellow+ gene; 50% of the 
larval cuticles were y+ indicating that there was no FLP expressed during 
spermatogenesis (Table 3.6).  
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Table 3.6: Anti-ftz Induction of Larvae Expressing Constructs Under Control of 
the Tubulin α1 promoter 
Protein expressed from 
Tub α1 promoter  
Anti-ftz induction 
(Y/N)a 
% y+b 
FTZ∆148-206 N 
48.4 
(200/413) 
FTZTT N 
45.3 
(146/322) 
FTZ∆148-206TT N 
51.3 
(183/357) 
FTZ∆178-206TT N 
51.9 
(123/237) 
FTZ∆178-192TT N 
49.5 
(163/329) 
FTZ∆193-206TT N 
49.1 
(141/287) 
FTZ∆198-202TT N 
52.8 
(139/263) 
FTZ∆203-206TT N 
48.7 
(147/302) 
FTZ∆148-206+∆FTZ-F1TT N 
50.4 
(138/274) 
FTZ∆148-206+∆YTT N 
51.5 
(154/299) 
FTZD1-7TT N 
48.7 
(184/378) 
FTZA1-7TT N 
50.8 
(179/352) 
 
a Y represents an anti-ftz phenotype induction, N represents no anti-ftz 
phenotype induction. 
b Ratio of y+ larvae to the total number of larvae counted. 
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CHAPTER 4: DISCUSSION 
4.1 Fine Mapping of the Negative Regulatory Domain 
Using a series of constructs that express FTZ from a heat-shock promoter, the 
negative regulatory domain was mapped to the 178 to 206 region. This conclusion is 
based on the observation that when FTZ derivatives lacking this region were fused 
to a heat-shock promoter, accumulation of hyperactive toxic FTZ reduced 
survivorship and inhibited establishment of a germ-line transformant. This data 
needs confirmation using FTZ expressed from a Tubulin α1 promoter. When FTZ that 
has an active negative regulatory domain is expressed from the Tub α1 promoter a 
weak ftzUal phenotype is observed. However, a FTZ protein that lacks the negative 
regulatory domain results in a very strong anti-ftz phenotype. The constructs to do 
this experiment have been made and are ready to test as germ-line transformants, 
however, the FLP source expressed during spermatogenesis seems to be no longer 
available. This technical problem needs to be resolved before a definitive conclusion 
of the exact location of the negative regulatory domain can be made.  
From the results so far, it is clear that the negative regulatory domain is 
made up of functionally redundant elements. FTZ∆178-206TT, FTZ∆178-192TT and FTZ∆193-
206TT are all located in the 178 to 206 region and lack negative regulatory activity. 
However FTZ∆178-182TT, FTZ∆183-187TT, FTZ∆188-192TT and FTZ∆193-197TT which are 
smaller deletions within the 178 to 206 region still retain negative regulatory 
activity, but FTZ∆198-202TT and FTZ∆203-206TT seem to lack the activity. This suggests 
that the negative regulatory domain is made up of small redundant units that 
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additively make up the negative regulatory domain, such that small deletions do not 
show an effect.  
Analysis of the amino acid content of 178 to 206 region shows that there is a 
high proportion of proline residues. Proline comprises 20.7% of the 178 to 206 
amino acid region. The ring structure of proline restricts flexibility. The side-chain 
of proline is cyclized back on to the backbone amide position restricting the range of 
allowed conformations and constraining the conformation of adjacent residues 
(Williamson, 1994).  The constriction of conformation of proline plays an important 
structural role in proteins. The rigid bends that proline creates in the protein 
backbone can separate two interaction sites (Williamson, 1994). This may explain 
why when the 178 to 206 region is deleted FTZ is a hyperactive protein. With these 
prolines removed interactions between FTZ functional domains may be stronger. 
Proline is also the most common residue found near protein-protein interaction 
sites (Kini and Evans, 1995,) and therefore, the 178 to 206 region may be a potential 
protein interaction site. Deletion of the negative regulatory domain would remove 
the protein interaction site, and the negative regulatory domain would be unable to 
interact with another protein, resulting in a hyperactive protein.  
4.2 Possible Interactions Between the Negative Regulatory Domain and 
Other Domains of FTZ 
The double deletion analysis of the FTZ protein showed a strong reduction of 
anti-ftz induction in FTZ derived proteins that lacked the FTZ-F1 binding site or the 
terminal tyrosines along with the negative regulatory domain. This is consistent 
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with previous deletion analyses, where deletion of the terminal tyrosines and the 
FTZ-F1 binding site were unable to induce an anti-ftz phenotype (Bath, 2010; Bults, 
2010; Guichet, 1997).  This suggests that the FTZ-F1 binding site and the terminal 
tyrosines are required for FTZ to be hyperactive. 
Injection of the construct expressing FTZ∆148-206+∆HDTT resulted in a high 
survivorship; however, a germ-line transformant could not be established. The high 
number of survivors could be the result of a FTZ protein that is not as toxic as just 
the deletion of the negative regulatory domain alone, but still toxic enough not to 
allow establishment of a germ-line transformant. I hypothesize that the negative 
regulatory domain could potentially interact with the homeodomain because the 
lack of the homeodomain reduced toxicity. By deleting the negative regulatory 
domain, the homeodomain is no longer negatively regulated, and can perhaps bind 
more effectively to DNA, leading to a hyperactive FTZ protein. Deletion of both of 
these domains creates a less toxic protein, since the homeodomain is no longer 
present to bind to DNA. To further test this hypothesis, FTZ∆148-206+∆HDTT should be 
expressed using the Tub α1 promoter, where I expect only a weak or no induction of 
the anti-ftz phenotype. 
4.3 No Evidence of Phosphorylation Regulating the Negative Regulatory 
Domain of FTZ  
. Phosphorylation of FTZ has been found to be important in FTZ activity 
(Krause and Gehring ,1989; Dong et al., 1998; Bath, 2010), resulting in either the 
activation or inhibition of protein activity. Because of the high number of threonine 
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and serine residues in the 148-206 region, seven serines and seven threonines, I 
hypothesized that phosphorylation could control activity of the negative regulatory 
domain. To test my hypothesis I used phosphorylation software (NetPhos 1.0 
Server) to predict potential sites of phosphorylation. The predicted phosphorylation 
sites, S147, T161, S175, T190, T195, T210 and S214, were mutated to an aspartic 
acid residue.  Aspartic acid mimics phosphorylation of serine because it provides the 
negative charge of -COOH group in the side chain that the phosphate group contains 
(Tarrant and Cole, 2009).  Mutating predicted phosphorylation sites to mimic 
phosphorylation with an aspartic acid did not eliminate the activity of the negative 
regulatory domain; as I was able to achieve a high level of survivorship and I was 
establish a germ-line transformant using a high level ectopic expression system. 
Changing the same seven predicted sites to alanine residues was also able to achieve 
a high survivorship and establish a germ-line transformant. Alanine was used as it 
mimics dephosphorylation since the residue lacks the –OH group necessary for 
phosphorylation by kinases (Tarrant and Cole, 2009). Therefore, I can conclude that 
phosphorylation and dephosphorylation of the seven predicted phosphorylation 
sites does not alter the activity of the negative regulatory domain. I am also able to 
conclude that the seven amino acids I chose to mutate were not required for FTZ 
activity as both FTZD1-7TT and FTZA1-7TT induced strong levels of the anti-ftz 
phenotype.  
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4.4 Conclusions and Further Studies 
My project was the analysis of the negative regulatory domain of FTZ. Loss of 
the negative regulatory domain results in the expression of a toxic FTZ protein from 
the heat-shock promoter. This toxic protein caused reduced survivorship of the 
embryos injected with heat-shock fusion gene and the inability to establish a germ-
line transformant. Using this I refined the location of the negative regulatory domain 
to the region of 178 to 206.  I also determined the role of phosphorylation in regards 
to the activity of the negative regulatory domain and concluded that 
phosphorylation does not appear to have a detectable role in the regulation of this 
domain. I also determined that the FTZ-F1 binding site and the terminal tyrosines 
were required for the toxicity of the FTZ protein that lacks the negative regulatory 
domain. Interestingly, there is a potential interaction between the homeodomain 
and the negative regulatory domain. To confirm these results, all FTZ derivatives 
that had a low survivorship and were unable to establish a germ-line transformant 
need be expressed with low level ectopic expression using the Tubulin α1 promoter.  
As well, further studies should examine the structural effect that proline has on the 
negative regulatory domain. Deletion or mutations of the proline residues within the 
negative regulatory domain could be analyzed to determine if the negative 
regulatory domain is still active.   
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APPENDIX 
Primer Sequence 
Constructs using FTZTT as template 
FTZ∆148-206TT  
Deletion 148 – 206-1 
Deletion 148 – 206-2  
GGGTGGCGTGCTGGCGGTGACCTTGGT 
ACCGCCAGCACGCCACCCCAATCGCCG 
FTZ∆148-152TT  
Deletion 148 – 152-1  
Deletion 148 – 152-2   
GTC TTGGTCGCTGGCGGTGACCTTGGT 
ACCGCCAGCGACCAAGACTACGTGACT  
FTZ∆153-157TT  
Deletion 153 – 157-1 
Deletion 153 – 157-2  
GGGCACAGTGTAGCTGGGAGCGGGGCT 
CCCAGCTACACTGTGCCCACGCCCAGC  
FTZ∆158-162TT  
Deletion 158 – 162-1  
Deletion 158 – 162-  
GGAGGCGCTCACGTACTCTTGGTCATG  
GAGTACGTGAGCGCCTCCGAGGATGTC 
FTZ∆156-167TT  
Deletion 163 – 167-1  
Deletion 163 – 167-2 
GTAGTCGACGGGCGTGGGCACAGTCAC 
CCCACGCCCGTCGACTACTTGGACGTC 
FTZ∆168-172TT  
Deletion 168 – 172-1  
Deletion 168 – 172-2 
CGAGTAGACATCCTCGGAGGCGCTGGG  
TCCGAGGATGTCTACTCGCCCCAGGTC  
FTZ∆173-177TT  
Deletion 173 – 177-1 
Deletion 173 – 177-2 
CGTCTGCGAGTCCAAGTAGTCGACATC 
TACTTGGACTCGCAGACGCAGAAGCTG 
FTZ∆178-182TT  
Deletion 178 – 182-1  
Deletion 178 – 182-2 
ATTCTTCAGCTGGGGCGAGTAGACGTC 
TCGCCCCAGCTGAAGAATGGCGACTTT 
FTZ∆183-187TT  
Deletion 183 – 187-1 
Deletion 183 – 187-2 
GGTGGCAAACTTCTGCGTCTGCGACTG 
ACGCAGAAGTTTGCCACCCCTCCGCCA 
FTZ∆188-192TT  
Deletion 188 – 192-1  
Deletion 188 – 192-2 
CGTGGTTGGGTCGCCATTCTTCAGCTT  
AATGGCGACCCAACCACGCCCACTCT 
FTZ∆193-197TT  
Deletion 193 – 197-1 
Deletion 193 – 197-2 
CGGCAGAGACGGAGGGGTGGCAAAGTC 
ACCCCTCCGTCTCTGCCGCCCCTCGAA  
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FTZ∆198-202TT 
Deletion 198 – 202-1  
Deletion 198 – 202-2 
GATGCCTTCGGTGGGCGTGGTTGGCGG 
ACGCCCACCGAAGGCATCAGCACGCCA 
FTZ∆203-206TT  
Deletion 203 – 207-1 
Deletion 203 – 207-2 
GGGTGGCGTGAGGGGCGGCAGAGAGGT 
 CCGCCCCTCACGCCACCCCAATCGCCG 
FTZ∆148-177TT  
Deletion 148 – 177-1 
Deletion 148 – 177-2 
GGGTGGCGTCTGGGGCGAGTAGACATC 
TCGCCCCAGACGCCACCCCAATCGCCG 
FTZ∆178-206TT  
Deletion 178 – 206-1 
Deletion 178 – 206-2 
GGGTGGCGTGAGGGGCGGCAGAGAGGT 
 CCGCCCCTCACGCCACCCCAATCGCCG 
FTZ∆148-162TT  
Deletion 148 – 162-1 
Deletion 148 – 162-2 
CCTCCGCGAGCTGGCGGTGACCTTGGT  
ACCGCCAGCTCGCGGAGGCTCCTACAG 
FTZ∆163-177TT  
Deletion 163 – 177-1 
Deletion 163– 177-2 
CGTCTGCGAGGGCGTGGGCACAGT CAC 
 CCCACGCCC TCGCAGACGCAGAAGCTG 
FTZ∆178-193TT  
Deletion 178 – 206-1 
Deletion 178 – 206-2 
CGTGGTTGGGTCGGGCGAGTAGACGTC 
TCGCCCGACCCAACCACGCCCACCTCT  
FTZ∆2193-206TT  
Deletion 193 – 206-1 
Deletion 193 – 206-2 
GGGTGGCGTCGGAGGGGTGGCAAAGTC 
 ACCCCTCCGACGCCACCCCAATCGCCG 
FTZ∆148-206TT+∆HDTT  
Deletion 148 – 206-1 
Deletion 148 – 206-2 
ΔHD – 1 
ΔHD – 2 
GGGTGGCGTGCTGGCGGTGACCTTGGT 
ACCGCCAGCACGCCACCCCAATCGCCG 
GCTGCTCAGCGTGTCTTTGCAATCTGATGCCAA 
GATTGCAAAGACACGCTGGACAGCTCCCCGGAC 
FTZ∆148-206TT+∆YTT  
Deletion 148 – 206-1 
Deletion 148 – 206-2 
GGGTGGCGTGCTGGCGGTGACCTTGGT 
ACCGCCAGCACGCCACCCCAATCGCCG 
FTZ∆148-206TT+∆FTZ-F1TT  
Deletion 148 – 206-1 
Deletion 148 – 206-2 
GGGTGGCGTGCTGGCGGTGACCTTGGT 
ACCGCCAGCACGCCACCCCAATCGCCG 
FTZA1-7TT  
S to A 1 FWD 
T to A 2 FWD 
S to A 3 FWD 
T to A 4 FWD 
T to A 5 FWD 
GGCGGAGGGTCGGCAAAGTCGCCATTCTTCA 
CTGTGCCCGCGCCCAGCGCCTCCGAGGATGT 
ACGTCTACGCGCCCCAGTCGCAGACGCAGAA 
ACTTTGCCGCCCCTCCGCCAACCACGCCCAC 
CGCCAACCGCGCCCACCTCTCTGCCGCCCCT 
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TS to A 67 FWD 
S to A 1 REV 
T to A 2 REV 
S to A 3 REV 
T to A 4 REV 
T to A 5 REV 
TS to A67 REV 
 
GCATCAGCGCGCCACCCCAAGCGCCGGGGGAGAAATCCTC 
GGAGCGGGGGCGGCGGTGACCTTGGTGCTTA 
GCGCTGGGCGCGGGCACAGTCACGTACTCTT 
GACTGGGGCGCGTAGACGTCCAAGTAGTCGA 
GGCGGAGGGGCGGCAAAGTCGCCATTCTTCA 
GAGGTGGGCGCGGTTGGCGGAGGGGCGGCAA 
TCCCCCGGCGCTTGGGGTGGCGCGCTGATGCCTTCGAGGG 
 
FTZ∆D1-7TT  
S to D 1 FWD 
T to D 2 FWD 
S to D 3 FWD 
T to D 4 FWD 
T to D 5 FWD 
TS to D 6 7FWD 
S to D 1 REV 
T to D 2 REV 
S to D 3 REV 
T to D 4 REV 
T to D 5 REV 
TS to D 6 7 REV 
 
TCACCGCCGACCCCGCTCCCAGCTACGACCA 
CTGTGCCCGACCCCAGCGCCTCCGAGGATGT 
ACGTCTACGACCCCCAGTCGCAGACGCAGAA 
GACTTTGCCGACCCTCCGCCAACCACGCCCA 
CGCCAACCGACCCCACCTCTCTGCCGCCCCT 
GCATCAGCGACCCACCCCAAGACCCGGGGGAGAAATCCTCG 
GGAGCGGGGTCGGCGGTGACCTTGGTGCTTA 
GCGCTGGGGTCGGGCACAGTCACGTACTCTT 
GACTGGGGGTCGTAGACGTCCAAGTAGTCGA 
GGCGGAGGGTCGGCAAAGTCGCCATTCTTCA 
GAGGTGGGGTCGGTTGGCGGAGGGTCGGCAA 
TCCCCCGGGTCTTGGGGTGGGTCGCTGATGCCTTCGAGGG 
 
Constructs using FTZΔYTT as template 
FTZ∆148-206TT+∆YTT  
Deletion 148 – 206-1 
Deletion 148 – 206-2 
GGGTGGCGTGCTGGCGGTGACCTTGGT 
ACCGCCAGCACGCCACCCCAATCGCCG 
Constructs using FTZΔFTZ-F1TT as template 
FTZ∆148-206TT+∆FTZ-F1TT  
Deletion 148 – 206-1 
Deletion 148 – 206-2 
GGGTGGCGTGCTGGCGGTGACCTTGGT 
ACCGCCAGCACGCCACCCCAATCGCCG 
PCR check and sequencing 
Tubulin α1 constructs   
Plasmid check GATCCACTAGTGGCCTATGC 
All Constructs   
5F1 
TT3 
Rmc 55 
Rmc 35 
CGCTATGCGGCCGCATGGCCACCACAAACAGCCAGAGC 
ATCCTGACGCGGCCGCTAGTGATGGTGATGGTGATG 
GCGAAAGCTAAGCAAATAAA 
ATCCCCGACACCAGACCAACT 
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FTZ HD 
FTZ PEST 
CTGACGGGTGCGTTTCGA 
ACGCCACCCCAATCGCCG 
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